Oxygen consumption rate (OCR) of mouse embryoid body (EB) was measured repeatedly in glucose-depleted medium or PBS solution. Non-invasive nature of the scanning electrochemical microscopy allowed sequential OCR measurement of the identical EB sample for more than 24 h. We found that the OCR value for the undifferentiated EB (cultured for 2 days) reached almost zero after 12 h exposure in PBS. On the contrary, the OCR value for the differentiated EB (cultured for 8 days) indicated 40 to 28% normal to the OCR at 0 h-incubation after 24 h exposure in PBS-based solution. It is suggested that differentiated cells indicated a stronger adaptation to glucose deprivation comparing to the undifferentiated cells.
Introduction
A significant issue related to stem cell research is the identification of chemical species that regulate cell's self-renewal and differentiation potential. In the case of mouse embryonic stem cells (mESCs), the undifferentiated state of the mESC is maintained by leukemia inhibitory factor (LIF). 1 The differentiation of the mESC can be initiated by removing LIF followed by the formation of three-dimensional cell aggregates known as embryoid bodies (EBs). 2 Besides, we can add soluble growth factors into the culture medium to directly differentiate ESC to a particular cell type. 3 On the other hand, accumulating evidences implicate that carbon sources like glucose, 4 lactate, 5 fatty acids, 6 as well as cell-permeable metabolites 7 also play a key role in the regulation of stem cell proliferation and differentiation. However, these carbon sources did not directly control differentiation programs, but harnessed the unique metabolic requirements of different cell types. [8] [9] [10] For example, stem cells predominantly proliferate utilizing glucose through glycolysis to maintain the pluripotent state, while differentiated cells efficiently produce energy from glucose, fatty acids and lactate via oxidative phosphorylation. 11 Consequently, these studies suggest a complex interplay between carbon sources and cell fate identity. Comparison of metabolic changes between stem cells and their differentiated counterparts in carbon source-limited environment will greatly help to elucidate this relationship.
To compare the metabolic rates of EBs derived from mESCs, we have previously monitored oxygen consumption rate (OCR) of individual EBs by electrochemical method based on scanning electrochemical microscopy (SECM). SECM is powerful because of non-invasive/minimally invasive nature of the measuring procedure which allows further cultivation of the samples after the measurement. Comparison of OCR and gene expression profiles was also available for the identical cellular samples. 9 In the present study, OCR of EB was measured sequentially in the phosphate buffer solution (PBS) without glucose. We found that the OCR value for the undifferentiated EB (day 2) reached zero after 12 h exposure in PBS without glucose. On the contrary, the OCR value for the differentiated EB (day 8) after 12 h exposure in PBS without glucose indicated more than 50% of the initial OCR. These result strongly indicated that OCR differs evidently between the undifferentiated and differentiated EBs. Therefore prediction of differentiation/undifferentiation status based on OCR after 24 h exposure on PBS-based solution is possible.
Experimental
Mouse ES cells (129/SvEv, DS Pharma Biomedical Co. Ltd. Japan) were cultured in StemMedium (DS Pharma Biomedical) containing 1000 U/mL leukemia inhibitory factor, 1% penicillin/ streptomycin, and 0.1 mM B-mercaptoethanol. EBs were prepared using hanging drop method. The EBs at day 2 (5,000 cells/20 µL drop of medium) and the EBs at day 8 (500 cells/20 µL of medium) were prepared to obtain the undifferentiated and the differentiated EBs with similar radii, respectively. 12 Previously, we reported that the alkaline phosphatase activity of the undifferentiated EB indicated 2.8-fold larger than that of the differentiated EB. 13 As a medium, StemMedium (containing 15% fetal bovine serum (FBS), 0.8% penicillin/streptomycin, and 0.1 mM B-mercaptoethanol) was selected to prepare the EB which was used for the OCR measurement in DMEM (no glucose) (Gibco, 11966-025)-based solution. Otherwise, A-MEM (Gibco, 12561-056) (containing 10% FBS, 0.1 mM MEM Non-Essential Amino Acids Solution, 1 mM sodium pyruvate, 2 mM L-glutamine, 1% penicillin/streptomycin, and 0.1 mM B-mercaptoethanol) was selected to prepare the EB for the OCR measurement in PBS (Gibco, Cat.14040-133)-based solution. DMEM (no glucose)-based solutions were two types, DMEM (no glucose) containing 1 mM lactate and DMEM (no glucose) as a control. PBS-based solutions were 4 types, PBS containing, 1 mM lactate, 1 mM pyruvate, 25 mM glucose, and PBS control.
OCR measurement was performed as described previously, by using a SECM system (HV405, Hokuto Denko Co., Japan). 14 Oxygen reduction current was monitored using a Pt-disk microelectrode with a radius of 10 µm at ¹0.5 V vs. Ag/AgCl. The individual EB samples were placed on a plate composed of 6 coneshaped microwells (Research Institute for the functional Peptides,
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Yamagata, Japan) filled with DMEM (no glucose)-or PBS-based solution. The electrode was scanned vertically from the side of the spherical sample to up to 320 µm. The OCR measurement was carried out at 37°C repeatedly at 0 to 32 h after transferring the EB sample into DMEM (no glucose)-or PBS-based solution. After the individual OCR measurement, the plate containing the EB samples were incubated at 37°C, 5% CO 2 with humidified atmosphere until the subsequent OCR measurement started. Figure 1 shows OCR of EBs as a function of incubation time in DMEM (no glucose) and in PBS. First, OCR was measured in DMEM (no glucose) with 1 mM lactate. The concentration of lactate was set as an identical value of the glucose-depleted selection medium reported by Tohyama et al. 5 The OCR of the EB at day 8 was maintained until 12 h-incubation in the DMEM (no glucose) with 1 mM lactate [ Fig. 1(a) ]. After that, the OCR of the EB at day 8 decreased to the 77% of the initial OCR at 24 h-incubation. On the contrary, The OCR of the EB at day 2 decreased to 62 and 23% of the initial OCR at 12 and 24 h-incubation, respectively. Thus, OCR of the EB at day 2 decreased more quickly than that of the EB at day 8 within 24 h-incubation in the same medium components. The OCR was also monitored in DMEM (no glucose) without lactate as a control. The OCR of the EB at day 8 decreased to the 87% of the initial OCR at 24 h-incubation. The OCR of the EB at day 2 decreased to 66 and 36% of the initial OCR at 12 and 24 hincubation, respectively. Therefore, it was found that OCR changes of EB at day 2 and day 8 within 24 h-incubation we observed here was not affected by the existence of lactate. The remarkable decline in the OCR value of the EB at day 2 could be explained by a larger amount of undifferentiated cells in the cellular aggregate. 12, 13 Next, OCR was measured in PBS with 1 mM lactate [ Fig. 1(b) ]. The OCR of the EB at day 8 decreased to the 55 and 40% of the initial OCR at 12 and 24 h-incubation in PBS with 1 mM lactate, respectively. The OCR of the EB at day 2 decreased to 1.6 and 2.4% of the initial OCR at 12 and 24 h-incubation in PBS with 1 mM lactate, respectively. Again, OCR of the EB at day 2 decreased faster than that of the EB at day 8 within 24 h-incubation in the PBS-based solution. Without lactate as a control, the OCR of the EB at day 8 decreased to the 60 and 33% of the initial OCR at 12 and 24 hincubation, respectively. The OCR of the EB at day 2 decreased to the 1.4 and 3.4% of the initial OCR at 12 and 24 h-incubation, respectively. Figure 2 shows summarized relative OCR values at 0, 12, and 24 h-incubation in DMEM (no glucose)-and PBS-based solutions. OCR was normalized to the initial OCR value of the individual experimental condition. The OCR of the EB at day 2 in PBS-based solution reached to almost zero value at 12 h-incubation regardless the types of carbon source component. This decline was much faster than that of the EB at day 2 in DMEM (no glucose) shown in Fig. 1(a) . On the contrary, the OCR of the EB at day 8 in PBS-based solution was maintained in the 40 to 28% of the initial OCR at 24 hincubation.
Results and Discussion
The EB at day 8 contained a larger amount of differentiated cells than the EB at day 2. It was likely that differentiated cells including cardiomyocyte indicated stronger stress tolerance concerning on the change of the environmental components than undifferentiated cells. It was reported that cardiomyocyte could specifically survive in the medium containing lactate. 5 In our experiment, however, OCR difference due to the lactate supplementation have never detected. The OCR values of the EB at day 8 in PBS with pyruvate or glucose were statistically no difference comparing to those in PBS control at 12 and 24 h-incubation. Therefore the EB at day 8 would contain minor rate of cardiomyocyte, although the EB at day 8 prepared by the same condition as our protocol often indicated beating. 13 As the OCR values were estimated based on spherical diffusion theory by multiplexing the oxygen concentration difference between the bulk and the sample surface and radius of the sample, the radius of the spherical sample should be measured. Figure 3 shows the radius of the EB samples used for the OCR measurement in DMEM (no glucose)-and PBS-based solutions. As the radius of the EBs were similar, the OCR differences mainly caused the differences in the oxygen concentration at the sample surfaces. Collectively, our results suggested that it was possible to clearly judge the Electrochemistry, 84(5), 302-304 (2016) differentiation status of the EBs by monitoring OCR changes in the DMEM (no glucose)-or PBS-based solution for 24 h. However, we could not discuss the differences in metabolic pathway of carbon sources because we did not detect the OCR difference in the solution containing different types of carbon sources.
Conclusion
We monitored OCR of the EBs prepared by hanging drop method in the glucose-depleted solutions. Non-invasive nature of the SECM technique allowed sequential OCR measurement of the identical EB sample for more than 24 h. We found that the OCR value of the EB at day 2 decreased faster than that of the EB at day 8. Therefore it was possible to clearly judge the differentiation status of the EBs by monitoring OCR changes in the DMEM (no glucose)-or PBS-based solution for 24 h.
